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Abstract 

Granulocyte/macrophage colony-stimulating factor (GIVl-CSF) can accelerate wound healing by promoting angiogenesis. 
The biological effects of GM-CSF in angiogenesis and the corresponding underlying molecular mechanisms, including in the 
early stages of primitive endothelial tubule formation and the later stages of new vessel maturation, have only been 
partially clarified. This study aimed to investigate the effects of GM-CSF on angiogenesis and its regulatory mechanisms. 
Employing a self-controlled model (Sprague-Dawley rats with deep partial-thickness burn wounds), we determined that GIVl- 
CSF can increase VEGF expression and decrease the expression ratio of Ang-l/Ang-2 and the phosphorylation of Tie-2 in the 
early stages of the wound healing process, which promotes the degradation of the basement membrane and the 
proliferation of endothelial cells. At later stages of wound healing, GM-CSF can increase the expression ratio of Ang-1 /Ang-2 
and the phosphorylation of Tie-2 and maintain a high VEGF expression level. Consequently, pericyte coverages were higher, 
and the basement membrane became more integrated in new blood vessels, which enhanced the barrier function of blood 
vessels. In summary, we report here that increased angiogenesis is associated with GM-CSF treatment, and we indicate that 
VEGF and the AngATie system may act as angiogenic mediators of the healing effect of GM-CSF on burn wounds. 
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introduction 

Wound healing involves a succession of complicated biochem- 
ical and cellular events, in which angiogenesis plays a significant 
role[l]. The formation time, quantity, and quality of new blood 
vessels in the wound can direcdy affect wound healing. In adults, 
the formation and maturation of new vessels are extremely 
complex and coordinated processes, requiring activation of a series 
of receptors and ligands to maintain balance between the 
stimulatory and inhibitory signals. 

Vascular endothelial growth factor (VEGF) and the angiopoie- 
tin (Ang)/Tie-2 system are two types of vascular regulatory 
molecules that are crucial for vessel formation and maturation [2]. 
VEGF acts at early stages of angiogenesis, promoting the 
formation of primitive tubular structures that are prone to leakage 
and hemorrhage due to the single monolayer of endothelial cells. 
However, the Ang family, including Ang-1, Ang-2, and their 
receptor, tyrosine kinase Tie-2, exert functions at later stages of 
angiogenesis by mediating the interactions of endothelial cells and 
mural cells (pericytes) [3] , promoting the maturation and stabili- 
zation of the new vessels due to the formation of endothelial tight 
junctions and the recruitment of pericytes [4] . 

Granulocyte macrophage colony-stimulating factor (GM-CSF) 
is a pleiotropic cytokine that can enhance the functions of various 
cells that are necessary for facilitating wound healingp]. For 
example, GM-CSF activates monocytes/macrophages, promotes 
keratinocyte proliferation, and regulates the fibroblast pheno- 



type[6]. GM-CSF has been shown to be secreted by keratinocytes 
in skin shortly after injury, which mediates epidermal cell 
proliferation in an autocrine manner [7]. Other cells which are 
the targets of GM-CSF involved in wound healing, including 
macrophages, fibroblasts, endothelial cells and dendritic cells, can 
also synthesize GM-CSF[8]. Animal and preclinical studies suggest 
that GM-CSF treatment accelerates wound healing[9,10], and the 
factor has been applied in the treatment of human chronic skin 
wovmds of different aetiology [1 1]. Mann et al. reported that 
wound repair was significandy enhanced in GM-CSF overexpres- 
sion tg mice, with upregulation of the expression of some 
important cytokines [12]. Interestingly, researches showed that 
the exogenous application of GM-CSF has been proved to be 
effective in promoting wound repair, whereas, the intradermal 
administration of GM-CSF to the skin seem to can not accelerate 
cutaneous repair of acute wounds [13]. 

Despite its widely proven therapeutic effects, litde is known 
about the molecular mechanisms underlying the action of GM- 
CSF in angiogenesis. Previous researches have suggested that GM- 
CSF applied locally can significantly increase the healing rate of 
wounds associated with vascular injury by increasing the formation 
of granulation tissue and enhancing angiogenesis [14, 15], which 
were mediated by elevating the expression of VEGF in the 
wound [16]. However, no previous studies have investigated the 
spatial and temporal patterns of Ang/Tie-2 system and VEGF 
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expression in relation to angiogenesis during the different phases of 
wound healing after GM-CSF treatment. 

In this study, we investigated the influence of GM-CSF on the 
entire process of angiogenesis in deep partial-thickness burn 
wounds in rats, including the early stage, involving formation of 
primitive endothelial tubules, and the later stage, involving 
maturation and stabilization of new blood vessels. Additionally, 
we discussed whether these effects could be mediated by the 
coordinated expression of Ang-1, Ang-2, Tie-2 and VEGF. 

Materials and Methods 

Animals 

A total of 40 sex-matched Sprague-Dawley rats weighing 220- 
250 g were provided by the Experimental Animal Research 
Laboratory at Sun Yat-sen University in China. The animals were 
individually caged under specific pathogen-free (SPF) conditions 
with 12-hour light-dark cycles. They were allowed access to water 
and standard rat chow ad libitum and were monitored daily. 
Treatment of the animals was carried out in strict accordance with 
the recommendations described in the Guide for the Care and Use 
of Laboratory Animals of the National Institutes of Health. The 
protocol was approved by the Committee on the Ethics of Animal 
Experiments of Sun Yat-sen University. All operations were 
performed under chloral hydrate anesthesia, and all efforts were 
made to minimize suffering. 

Wound protocol 

The bums were created using a 2.5-cm-diameter electrically 
heated brass rod as described previously with some modifica- 
tions [17]. General anesthesia was provided via an intraperitoneal 
injection of 3 ml/kg chloral hydrate (10%). The backs of the rats 
were completely shaved with an electrical clipper. Deep partial- 
thickness burn wounds that were 0.5-1 cm off the midspinal line 
were made on each side of the dorsum of the rats by apphcation of 
the electrically heated brass rod for 8 s with a constant pressure 
and temperature (1 kg, 80°C). 

To prepare the GM-CSF solution, we mixed GM-CSF 
(PeproTech) with glycerin (10%) and mannitol (1%). Glycerin 
and mannitol functioned as protective agents to preserve the 
bioactivity of GM-CSF. Paired wounds on the same rat were 
randomly divided into the experimental group and the control 
group. GM-CSF solution (200 nl) was topically applied to the 
experimental group (the concentration of GM-CSF in the solution 
was 25 ng/ |il, and the actual quantity of GM-CSF applied to the 
wound was 1 |ig/cm^). The control group was treated with only 
protective agents as mentioned above (200 [il). All the wounds 
were covered with sterile gauze and bandaged. The experimental 
solutions were applied to the wounds daily, and the wounds were 
observed and assessed. 

Eight rats were euthanized by cervical dislocation on the 1st, 
3rd, 7th, 14th, and 21st days after being burned, and the full- 
thickness skin biopsies were harvested asepticaUy from the middle 
and periphery of the wounds. 

Wound analysis 

The burn wounds on each rat were digitally photographed at 
the indicated time interx^als, and the wound closure was assessed 
using Image-Pro Plus v. 6.0 (Media Cybernetics) under double- 
blind conditions. The wound areas were standardized by 
comparison with the original wound size, and the healing rate 
was expressed as a percentage of wound closure: [(day 0 area - day 
n area) / (day 0 area)] xlOO% (n = 1, 3, 7, 14 or 21). 



Histology and immunohistology 

Samples harvested from the wounds were ffxed with 4"/o 
paraformaldehyde (PEA) and embedded in paraflGn. Serial 5-|im 
sections were cut and stained with hematoxylin and eosin (HE) for 
observation of histological changes in the burn wounds. 

For immunohistochemical staining, a panel of primary 
antibodies against rat Ang-1 (Santa Cruz Biotechnology, 1:200), 
Ang-2 (Santa Cruz Biotechnology, 1:150), Tie-2 (Santa Cruz 
Biotechnology, 1:200), VEGF (Abeam, 1:150), MMP-2 (Abeam, 
1:300), and MMP-9 (Abeam, 1:200) were used. The activity of 
endogenous peroxidase was quenched by incubation with hydro- 
gen peroxide (3%) for 5 min, followed by microware treatment at 
500 W for 5 min in citrate buffer for antigen retrieval. Next, the 
sections were incubated with primary antibodies at 4°C overnight. 
After thorough washing, the sections were incubated in goat anti- 
rabbit antibody (Invitrogen, 1:500) for 30 min, followed by 
incubation in avidin-biotin complex (Elite ABC kit; Vector 
Laboratories) for 30 min. Color was developed in 3' 3-diamino- 
benzidine (Dako), and nuclei were stained with hematoxylin 
(Sigma). Negative control staining experiments were performed by 
omission of the primary antibody. Images were captured using a 
light microscope (Olympus BX51 WI). 

Immunofluorescence analysis 

A double-labeling immunofluorescence technique was applied 
to analyze the proliferation of endothelial cells using anti-CD31 
(Abeam, 1:200) and anti-Ki67 (Abeam, 1:600) antibodies. Simi- 
larly, the pericyte coverage of microvessels was detected using anti- 
CD31 and anti-a-smooth muscle actin (a-SMA) (Abeam, 1:400) 
antibodies. The sections were blocked with BSA (5%) for 2 h and 
incubated with primary antibody at 4°C overnight. After thorough 
washing, the sections were further incubated with secondary' goat 
anti-rabbit antibodies (Invitrogen, 1:400) for 1 h in the dark. 
Subsequentiy, the sections were incubated in 4'6-diamidino-2 
phenylindole (DAPI) for nuclear staining. Images were obtained 
with a fluorescence microscope (Carl Zeiss) and were merged using 
Image-Pro Plus v. 6.0 software. Negative control staining 
experiments were performed by omission of the primary antibody. 

Quantitation of the proliferating capillary index (PCI) 

The PCI was used to assess the proliferating endothelial cells 
and was determined by calculating the ratio of the number of 
microvessels with proliferating endothelial cells (Ki67) to the total 
number of microvessels (CD31)[18]. The PCI was quantified in 
vascular hot spots that were identified by screening for the areas 
with the highest vessel density under a magnitication of 200 X. 

Quantification of microvessel density (MVD) 

The MVD counting technique has been widely used to assess 
blood vessel number [19]. Here, CD31 was used as an endothelial 
ceU marker, and CD31 -positive endothelial cells and vessels with 
or without a lumen were counted under a power field of 10 x20 in 
5 randomly selected fields from 3 separate sections of each sample. 
The MVD was quantified as the average number of microvessels 
per viewing field. 

Quantification of the microvessel pericyte coverage 
index (MPI) 

The MPI was used to assess the maturity of new blood vessels, 
and it was correspondingly established by quantifying the 
percentage of CD31 -positive microvessels that showed colocaliza- 
tion of endothelial cell staining (CD31) and pericyte staining (a- 
SMA) under a power field of 10x20[18]. A single endothelial ceU 
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was regarded as a unit of quantification regardless of whether it 
formed a tube, and a pericyte was defined as a single layer of a- 
SMA-positive cells colocalizing with CDS 1 -positive cells. For MPI 

quantification, at least five nonoverlapping microscopic fields per 
section were independently analyzed under double-blind condi- 
tions. The pericyte coverage was expressed as the a-SMA/CD31 
ratio. 

Quantitative RT-PCR (qRT-PCR) 

Total RNA was purified using the RNeasy Mini Kit (Qiagen) 
and was reverse-transcribed into cDNA using a thermocycler 
(SI 000, Bio-Rad) and the First Strand cDNA Syndiesis Kit 
(Fermentas) according to the manufacturer's protocol. The primer 
sequences were as follows: Ang-1 forward primer, GTC ACT 
GCA CAA AAG GGA CA, reverse primer, GGC TTA CAA 
GGA TOG CGT TA; Ang-2 forward primer, GTC TCC CAG 
CTG ACC AGT GGG, reverse primer, TAG CAC TTG ATA 
CCG TTG AAC; VEGF forward primer, CGA CAG AAG GGG 
AGC AGA AAG, reverse primer, GCA GTC CAG GGC TTC 
ATC ATT; MMP-2 forward primer, CAG GGA ATG AGT 
ACT GGG TCT ATT, reverse primer, ACT CCA GTT AAA 
GGC AGC ATC TAG; MMP-9 forward primer, AAT GTC TTC 
TAG AGA CTG GGA AGG AG, reverse primer, AGC TGA 
TTG ACT AAA GTA GCT GGA; and P-actin forward primer, 
CAG GTC ATC ACT ATC GGC AAT, reverse primer, GAG 
GTC TTT ACG GAT GTC AAC. 

Real-time RT-PCR was performed using the SYBR qPCR mix 
(Toyobo) and a Real-Time PGR Detection System (Bio-Rad iQ5). 
The thermocycling profile for SYBR Green RT-PCR was as 
follows: an initial denaturation step at 95°C for 1 min, followed by 
40 cycles of denaturation for 15 s at 95 °C, annealing for 15 s at 
60°C, and extension for 60 s at 72°C. Each sample was run in 
triplicate, and the relative gene expression was analyzed using the 
2"'^^'^'mediod[20]. 

Western blot analysis 

The samples were homogenized, and total proteins were 
extracted using radioimmunoprecipitation assay (RIPA) buffer 
(Beyotime Biotechnology). A BCA kit (Beyotime Biotechnology) 
was then used to determine the protein concentrations. Different 
samples containing equal amounts of protein (60 |ig) w(-rc 
separated on SDS polyacrylamide gels (10%), transferred to 
nitrocellulose membranes, and blocked in nonfat dry milk (5%) at 
room temperature for 2 h. The membranes were incubated 
overnight at 4°C with primary antibodies against Ang-1 (1:1000), 
Ang-2 (1:1000), Tie-2 (1:1500), p-Tie-2 (Santa Cruz Biotechnol- 
ogy, 1:500), VEGF (1:2000), MMP-2 (1:1500), MMP-9 (1:1500), 
and P-actin (1:5000, Bioworld Technology). Finally, the mem- 
branes were incubated with horseradish peroxidase-conjugated 
secondary antibody and detected using an enhanced chemilumi- 
nescence substrate (Beyotime Biotechnology). 

Transmission electron microscopy 

The sections were fixed in glutaraldehyde (2.5%) and osmium 
tetroxide {1.0%) for 24 and 1.5 h, respectively, and were 
embedded in Epon812 after being dehydrated in a graded ethanol 
series. Ultrathin sections were cut on an ultramicrotome (LKB-V) 
and were mounted on Formvar-coated sUt grids. Ultrathin sections 
were stained with uranyl acetate and lead citrate for observation 
using a transmission electron microscope (Hitachi H-500). 



Vascular permeability assay 

Vascular permeability was quantified according to a previously 
described method [21] by intravenous administration of Evans 
blue dye (Sigma) and examination of its diffusion into the skin [22]. 
Evans blue dye dissolved in dimethylformamide (DMF, 0.5%, 
Sigma) was injected through the caudal vein at a dose of 18 mg/ 
kg. At 40 min after injection, the rats were perfused via the left 
ventricle with 500 ml of pre-warmed (37''C) PBS to remove the 
intravascular dye. Then, the skin at a distance of 0.5 cm from the 
wound was dissected and weighed, and the Evans blue dye was 
extracted by incubation in DMF at 65°C overnight. The extract 
was centrifuged at 3000 rpm for 15 min and measured with a 
spectrophotometer (Nanodrop 2000). The concentration of Evans 
blue in the extracts was calculated from a standard curve of Evans 
blue in DMF, and the vascular permeability rate was expressed as 
the percentage of Evans blue content in the skin samples ((ig/kg). 

Statistical analyses 

Comparisons of the healing rate, proliferating capillary index, 
microvessel pericyte coverage index, number of pericytes, micro- 
vascular density, changes in levels of mRNA and protein, and the 
vascular permeability between control and GM-CSF groups at the 
same time point were conducted using Student's t test. The 
differences between the groups at different time points were 
compared by one-way ANOVA, followed by the Bonferroni test. 
All statistical analyses were performed using SPSS 18.0 software 
(SPSS, Chicago, IL, USA), with P<0.05 considered to be 
statistically significant. 

Results 

Wound closure 

Wound closure progressed quickly in the cxpc^rimental group; 
the (Tusta on the wound margins was s['parat(;d on the 3rd day 
after burning and fell off completely on the 14th day, when the 
healing area was more than half of the original area. By the 21st 
day, the wound reached complete closure (Fig. lA). In contrast, 
the decrustation and epithehzation of the wound in the control 
group was significantly delayed compared with that in the 
experimental group (Fig. IB), and the wound healing rate was 
much slower than that in experimental group, particularly on the 
3rd, 7th, 14th, and 21st post-burn days (P<0.05) (Fig. IC). 

Histopathological assessments 

In the early stages of wound healing, the degrees of epidermal 
necrolysis and inflammatory cell infiltration were more severe in 
the control group than in the experimental group. In the late 
stages of wound healing in the experimental group, the new blood 
vessels were abundant, the epidermal layer was thicker during re- 
epithelialization, the collagen fibrils were distributed compactiy 
and regularly, and the accessory structures, such as hair follicles in 
the dermis, wci'c obx iously regenerated. However, the number of 
new blood vessels was less and the epidermal layer was thinner in 
the control group; additionally, the collagen fibrils were broken, 
and the accessory structures were destroyed or missing (Fig. ID). 

Endotliellal cell proliferation in burn wounds 

To quantify endothelial cell proliferation in the wounds, we 
simultaneously stained endothelial cells to determine the expres- 
sion of CD31, and we identified proliferating cells using the 
proliferation marker Ki67 (Fig. 2A). When quantifying the PCI, 
which is reflected by the percentage of microvessels with Ki67- 
positive endothelial cell nuclei, significant dififerences were 
detected between the two groups. As shown in Fig. 2B, the PCI 
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Fig. 1. The speed and quality of burn wound healing. (A) Photographs showing macroscopic wound healing in both the control and GM-CSF 
treatment groups at different time points following the burn event. (B) Wound healing in the control and GM-CSF treatment groups in self-controlled 
rat models at days 7 and 14 after the burn event. (C) Graph showing the wound healing rate in the two groups (mean±SD) (*P<0.05). (D) 
Histological changes in burn wounds in the two groups at days 14 and 21 after the burn event. Scale bar = 50 mm. 
doi:1 0.1 371 /journal.pone.0092691 .gOOl 



values increased sharply from the 1st to the 3rd day, and the 
experimental group had significantly higher PCI values than the 
control group during that time (P<0.05). Then, the PCI values 
decreased from the 7th to the 2 1st day, and they were lower in the 
experimental group than in the control group (P<0.05). 

Microvessel density and pericyte coverage of 
microvessels 

We used a combination of the specific markers CDS 1 and ot- 
SMA to simultaneously immunostain vascular endothelial cells 
and pericytes to quantitatively assess the functional status of the 
neovasculature in the wounds [23] (Fig. 3A). The results showed 



that there were a small number of CDS 1 -positive cells in both 
groups on the 1st day. Then, some green-stained CDS 1 -positive 
endothelial cells could be detected on the Srd day, and the number 
of endothelial cells was obviously increased beginning on the 7th 
day and peaked on the 1 4th day; it then decreased slightly on the 
21st day. The MVD was used to quantify the number of 
microvessels, and the results showed that the experimental group 
had much higher average MVDs than the control group from the 
Srd to the 21st days post-burn (P<0.05) (Fig. SB). Meanwhile, 
when we observed the red-stained ot-SMA-positive pericytes, we 
found that the pericytes appeared in small numbers in both groups 
on the Srd day. Subsequently, pericytes could be more easily 
detected and covered the endothelial cells discontinuously on the 
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Fig. 2. Immunofluorescence assay of proliferating endothelial cells in the wound. (A) Representative examples of double staining of KI67/ 
CD31 (green, CD31; red, KI67; nucleus, blue) In skin sections from the control group and the GM-CSF treatment group at day 3 after the burn event. 
Original magnification, x200. (B) Quantitative comparison of the proliferating capillary Index (PCI) In the two groups. The PCI was used to assess the 
percentage of microvessels with proliferating endothelial cells. All data are expressed as the mean±SD (*P<0.05). 
dol:1 0.1 371 /journal.pone.0092691 .g002 



7th day. Then, the pericytes formed circles and densely enveloped 
the endothelial cells on the 14th day in the experimental group. 
Until the 21st day, almost every microvessel colocalized with 
pericytes in the experimental group, whereas only some of the 
microvessels were covered with pericytes in the control group. 
When comparing the number of pericytes between the two groups, 
the results showed that the number of pericytes was higher in the 
experimental group than the control group from the 3rd to the 
21st day post-burn (P<0.05) (Fig. 3C). 

Although the MVD values could be used to assess the presence 
of blood vessels, these values did not provide an indication of the 
maturity of the neovasculature or the functional status of the 
vessels[18]. Therefore, the MPI was used to reflect the percentage 
of microvessels covered with pericytes and was quantified to 
evaluate the maturity of the neovasculature. As shown in Fig. 3D, 
the MPI was 0 on the 1 st day in both groups, and it increased from 
the 3rd to the 21st day post-burn. The MPI in the experimental 
group was higher than that in the control group at the above time 
points (P<0.0,5). 

Expression changes in Ang-1, Ang-2, and Ang-1/Ang-2 
after GM-CSF treatment 

The changes in gene expression of Ang-1 after GM-CSF 
treatment were quantitatively analyzed by qRT-PCR. As shown in 
Fig. 4A, the mRNA expression of Aug- 1 was decreased on the 1 st 
and 3rd days post-burn, and that in the experimental group was 
significantly lower than that in the control group (P<0.05). Then, 
Ang-1 mRNA increased gradually on the 7th day and peaked on 
the 14th day before decreasing slightly on the 21st day, and its 
expression level in the experimental group was much higher than 
that in the control group at the above time points (P<0.05). By 
immunohistochemical analysis, we found that Ang-1 was mainly 
expressed in pericyte-like perivascular mural cells, and Ang-1- 
positive staining in the experimental group was higher than that in 
the control group on the 7th day (Fig. 4B). Representative Western 
blots of Ang-1 protein expression at different time points are 
shown in Fig. 4C, which presented the same trend as Ang-1 
mRNA expression in the two groups. The results of the statistical 
analysis of Ang-1 protein expression are shown in Fig. 4D. 

Changes in the mRNA expression of Ang-2 are shown in 
Fig. 4E. The results suggested that Ang-2 mRNA expression was 
elevated on the 1st and 3rd days and that it was significantly 
higher in the experimental group compared with the control group 
(P<0.05). Then, Ang-2 expression was reduced sharply from the 



7th day and was maintained at a low level until the 2 1 st day; the 
expression levels on these days were significantly lower in the 
experimental group compared with the control group (P<0.05). 
Immunohistochemical staining revealed that Ang-2 was present in 
the endothelial cell- and pericyte-like capillary walls, and the Ang- 
2-positive staining in the experimental group was decreased 
compared with that in the control group on the 7th day (Fig. 4F). 
The change in Ang-2 protein expression (Fig. 4G-H) was 
consistent with its mRNA expression pattern. 

When calculating the Ang-1 /Ang-2 expression ratio (Fig. 41), 
we found that in the experimental group, the ratio was much lower 
than that in the control group on the 1st and 3rd days. This ratio 
was notably higher in the experimental group on the 7th, 14th, 
and 21st days compared with that in the control group (P<0.05). 

Expression changes in pTie-2 and VEGF after GM-CSF 
treatment 

Immunohistochemical staining revealed that Tie-2 was mainly 
expressed in the endothelial cells (Fig. 5A). The tyrosine 
phosphorylation of Tie-2 was detected by Western blot analysis. 
As shown in Fig. 5B and C, the expression of pTie-2 was reduced 
from the 1st to the 3rd day and subsequently increased from the 
7th to the 21st day. Compared with that in the control group, the 
expression of pTie2 in the experimental group was much lower on 
the 1st and 3rd days and was significantly higher on the 7th, 14th, 
and 21st days (P<0.05). The results showed that VEGF expression 
was increased immediately after the burn event and showed a 
tendency to increase until the 2 1 st day. As shown in Fig. 5D, the 
niRNA expression of VEGF in the experimental group was 
significandy higher on the 1st, 3rd, 7th, 14th, and 21st days than 
that in the control group (P<0.05). By immunohistochemical 
analysis, we found that VEGF was mainly expressed in pericyte- 
like perivascular mural cells (Fig. 5E), and its protein expression in 
the experimental group was much higher than that in the control 
group at difiFerent time points (Fig. 5J and K). 

The expression of matrix metalloproteinase-2 (MMP-2) 
and MMP-9 

A critical event during the process of angiogenesis is the 
proteolytic breakdown of the basement membrane and migration 
of endothelial cells through the extracellular matrix (ECM)[24]. 
This process involves secretion and activation of MMP-2 and 
MMP-9, which are secreted by activated endothelial cells and 
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Fig. 3. Immunofluorescence analysis of microvascular density (MVD) and pericyte coverage of microvessels in the wound. (A) A 

double-labeling technique was used to stain endothelial cells for CD31 expression (green) and pericytes for a-SMA expression (red). Representative 
images of the 2 groups at days 7 and 14 after the burn event are shown. Original magnification, x200. (B) The MVD in the two groups at different 
time intervals. (C) The number of pericytes in the two groups at different time intervals. (D) The microvessel pericyte coverage index (MPI) was 
quantified by assessing the percentage of microvessels that were associated with cz-SMA-positive pericytes. All data are expressed as the mean±SD 
(*P<0.05). 

doi:1 0.1 371/journal.pone.0092691 .g003 



exert functions during the initial stage of angiogenesis [25]. As 
shown in Fig. 6A, the mRNA expression of MMP-2 in the 
experimental group increased markedly on the 1st and 3rd days 
and was much higher than that in the control group (P<0.05). 
Then, the expression of MMP-2 gradually decreased from the 7th 
day and was maintained at a low level until the 21st day; the 
expression level in experimental group was obviously lower than 
that in the control group on these days (P<0.05). Fig. 6B shows the 
immunohistochemical staining of MMP-2 in the burn wounds, 
and the protein expression of MMP-2 is shown in Fig. 6C. Protein 
expression presented the same trend as mRNA expression in the 
two groups (Fig. 6D). As shown in Fig. 6E and H, we found that 
the trends of MMP-9 mRNA and protein expression in the two 



groups were the same as those of MMP-2, and there were 
significant differences between the two groups. 

Ultrastructures and anti-leakage functions of 
microvessels 

A transmission electron microscope was used to observe the 
ultrastructural features of microvessels in the burn wounds. As 
shown in Fig. 7A, the structure of microvessels was abnormal in 
the control group. The lumen was narrowed by swelling 
endothelial cells, in which agglutinative chromatin and degener- 
ated mitochondria were observed. Compared with the experi- 
mental group, fewer pericytes with larger interspaces were located 
around the endothelial cells, and the basement membrane was 
obviously thickened and broken in the control group. However, in 
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Fig. 4. Expression of Ang-1 and Ang-2 in tlie si<in during wound Kiealing. (A) Ang-1 mRNA levels in the control and GM-CSF treatment 
groups were assessed by qRT-PCR. (B) Immunohistochemical staining of Ang-1 protein in the two groups at day 7 after the burn event. Ang-1 protein 
signals were present mainly in pericyte-like perivascular mural cells. Scale bar =100 mm. (C) Representative Western blots showing Ang-1 protein 
levels in the two groups during the healing process. (D) Statistical analysis of Ang-1 protein levels. (E) qRT-PCR analysis of Ang-2 mRNA expression 
levels in the two groups. (F) Immunohistochemical staining of Ang-2 protein at day 7 after the burn event. Ang-2 protein signals were present in 
capillary luminal and perivascular mural cells. Scale bar= 100 mm. (G) Representative Western blots showing Ang-2 protein levels during the healing 
process. (H) Statistical analysis of Ang-2 protein levels. (I) The protein expression ratio of Ang-1 /Ang-2. All data above are expressed as the mean±SD 
(*P<0.05). 

doi:10.1371/journal.pone.0092691.g004 
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Fig. 5. Tie2 protein levels, tyrosine pKiosphorylation, and VEGF expression in tKie sl<in wounds. (A) Immunohlstochemical staining of Tie- 
2 protein in the two groups at day 7 after tine burn event. Tie-2 protein signals were present mainly in endothelial cells. Scale bar=100 mm. (B) 
Representative Western blots showing Tie2 tyrosine phosphorylation levels and Tie2 protein levels in the two groups. (C) Quantification of the 
relative intensity of phosphotyrosine-Tie-2 compared with total Tie-2. (D) qRT-PCR analysis of VEGF mRNA expression levels in the two groups. (E) 
Immunohlstochemical staining of VEGF protein at day 7 after the burn event. VEGF protein signals were present in pericyte-like perivascular mural 
cells. Scale bar =100 mm. (F) Representative Western blots showing VEGF protein levels during the healing process. (G) Statistical analysis of VEGF 
protein levels. All of the above data are expressed as the mean±SD (*P<0.05). 
doi:10.1371/journal.pone.0092691.g005 
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Fig. 6. Time course of changes in MMP-2 and MMP-9 expression in the wounds. (A) IVlMP-2 mRNA levels in the control and GM-CSF 
treatment groups were assessed by qRT-PCR. (B) Immunohistochemical staining of iVIIVIP-2 protein in the two groups at day 3 after the burn event. 
Scale bar =100 mm. (C) Representative Western blots showing IVIMP-2 protein levels in the two groups during the healing process. (D) Statistical 
analysis of MIVlP-2 protein levels. (E) qRT-PCR analysis of IVIMP-9 mRNA expression levels in the two groups. (F) Immunohistochemical staining for 
IVIIVIP-9 protein at day 3 after the burn event. Scale bar = 1 00 mm. (G) Representative Western blots showing IVIMP-9 protein levels during the healing 
process. (H) Statistical analysis of MMP-9 protein levels. All data above are expressed as the mean±SD (*P<0.05). 
doi:10.1371/journal.pone.0092691.g006 



the experimental group, the cross-sectional shapes of microvessels 
were round or ellipsoidal, and the endothelial cells were arranged 
in a monolayer to form tight junctions. Several pericytes with 
elongated, stellate shapes enveloped vessels continuously and 



tightly, and these pericytes shared a clear and integral basement 
membrane with endothelial cells. Furthermore, many endothelial 
cells and pericyte interdigitations (EPIs) could be detected in the 
experimental group (Fig. 7B). Fig. 7C shows a magnified image of 
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an EPI in the experimental group. EPIs that were observed in 
angiogenic sites were defined as ultrastructural endothelial cells 
and pericyte cytoplasmic interdigitations [26] , which may be a 
mechanical anchoring system for the two cell types [2 7] to help 
maintain the stability of microvessels. Fig. 7D shows a time course 
analysis of vascular permeability in the burn wounds. Here, we 
used the transfer of Evans blue dye from the plasma into the skin 
as a marker with which to evaluate the changes in vascular 
permeability in the burn wounds, which can indirectiy reflect the 
vascular barrier function. The results showed that the vascular 
permeability began to elevate on the 1st day and reached a peak 
on the 3rd day after the burn event; it then significantiy decreased 
on the 7th and 14th days and decreased slighdy on the 21st day, 
when the permeability rate was close to that of the normal skin. 
Compared with that in the control group, the permeability rate 
was lower in the experimental group at each of the time points 
above (P<0.05). 

Discussion 

GM-CSF is a highly pleiotropic cytokine with many diverse 
biologic effects such as stimulating proliferation and differentiation 
of hematopoietic progenitor cells into eosinophils, macrophages, 
and neutrophils [28,29]. Therapeutically, GM-CSF is primarily 
used in patients with hematopathy to improve neutrophil recovery 
and mobilize peripheral-blood progenitor cells[30]. In recent 



years, it has been demonstrated that apart from accelerating 
hemopoietic recovery, GM-CSF also can influence the biologic 
activities of several cells that are essential in the wound repair[31]. 
In some researches, GM-CSF has been employed in the treatment 
of poorly healing wounds of diverse etiologies with some 
success[32,33]. Consistent with these observations, we found that 
the speed as well as the quality of burn wound healing were 
improved after GM-CSF treatment. Researches on deep partial- 
thickness burn wound showed that microvascular injury followed 
by thermal injury-induced local microcirculation dysfunction of 
the skin is a major reason for delayed wound healing. Therefore, 
promoting angiogenesis is an efiFective strategy to cure the burn 
wound. Increased angiogenesis has been reported in association 
with accelerated wound healing in transgenic mice overexpressing 
GM-CSF in the skin. Other studies also showed that GM-CSF can 
facilitate wound reepithelialization by accelerating neovascular- 
ization [5]. However, they didn't discuss whether the new vessels 
are fuUy mature and functional. In the present study, we found 
that topical application of GM-CSF can not only increase the 
microvascular density, but also promote the maturation and 
stabilization of microvessels in the wound. 

To further understand how GM-CSF mediated the whole 
process of angiogenesis, including the formation and maturation of 
new microvessels, we examined the corresponding expression of 
VEGF and the Ang/Tie system, which can regulate the 
emergence and maturation of new vessels, respectively, during 




Postburn days 



Fig. 7. Electron micrographs of the newly formed microvessels in the wounds. (A) Ultrastructural characterization of microvessels in the 
control group at day 14 after the burn event. The microvessels have a poorly organized basement membrane and swelled endothelial cells. Few 
pericytes coated the endothelium. Original magnification, x5800. (B) In the GM-CSF treatment group, the endothelial cells formed tight junctions, 
several elongated pericytes were embedded within an integrated basement membrane, and their longitudinal processes completely surrounded the 
endothelial tube. E, endothelial cell; P, pericyte; BIVl, basement membrane. Original magnification, x5800. (C) Enlargement of the image in the black 
box. A pericyte can be observed making direct contact with an endothelial cell. A high-power view of an EPI is shown, which is composed of a 
pericyte cytoplasmic projection and corresponding endothelial indentation. (D) Time course of vascular permeability changes after the burn event in 
the two groups. Data are expressed as the mean±SD (*P<0.05). 
doi:1 0.1 371/journal.pone.0092691 .g007 
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wound healing[34] . Previous researches showed that increased 
microvascular density resulting from GM-CSF treatment is 
associated with the expression of the proangiogenic factor 
VEGF[ 11,33], without mentioning the expression changes of the 
Ang/Tie system and the functional status of the neovasculature. 
The Ang family of growth factors includis Ang-1, Ang-2, mouse 
Ang-3, and human Ang-4, all of which bind to the endothelial 
receptor tyrosine kinase Tie-2. Ang-1 and Ang-2, the first two 
members of Ang family which have been most extensively studied, 
are considered important regulators of vascular remodeling and 
maturation [35]. However, mouse Ang-3 and human Ang-4 are 
interspecies orthologues and represent the third member of the 
Ang family [36]. Ang-3 is an agonist for the Tie-2 receptor in 
mouse endothelium and Ang-4, which expressed specially in 
human lung tissue, is identified as an agonist of Tie-2 [37]. Based 
on these findings, we detected the expression of Ang-1, Ang-2 and 
Tie-2, the important regulatory factors in angiogenesis during the 
wound healing. We found that in the early stage of burn wound 
healing (1-3 days), the expression of Ang-1 and p-Tie-2 were 
reduced, whereas the expression of Ang-2 and VEGF were 
increased after GM-CSF treatment. It has been suggested that 
Ang-1 is a pericyte-derived microvessel stabilizing factor, which 
can bind to the Tie-2 receptor, which is predominantly expressed 
on endothelial cells, and activate Tie-2 by inducing its phosphor- 
ylation[38]. Constitutive Ang-1 expression and Tie-2 phosphory- 
lation mediate the maturation and quiescence of the microvascular 
endothelium[3, 39,40]. In contrast, Ang-2 serves as an antagonist 
and inhibits Ang- 1 -induced phosphorylation of Tie-2 in endothe- 
lial cells [4 1 ,42] . By blocking the stabilizing action of Ang-1 /Tie-2 
signaling, Ang-2 initiates extensive angiogenesis, such as pericyte 
drop-off and extracellular matrix alteration[43,44], which can 
facilitate microvessel sprouting. However, the effect of Ang2 on 
angiogenesis depends on the presence of VEGF. Microvessels 
would degenerate if VEGF was not expressed [45]. In this study, 
we found that in addition to maintaining the elevated level of 
VEGF that promotes the proliferation of endothelial cells, GM- 
CSF can also reduce the Ang-1 /Ang-2 expression ratio in the 
initial phase of microvessel sprouting, which results in high-level 
expression of MMP-2 and MMP-9. As MMP-2 and MMP-9 
function in extracellular proteolysis [46] and are responsililc for 
facilitating endothelial cell migration[25] by degrading the 
extracellular matrix (ECM), the high-level cxprc-ssion of MMP-2 
and MMP-9 suggesting that the sprouting phase of angiogenesis 
progresses rapidly after GM-CSF treatment. 

After the formation of primitive endothelial tubules, the 
stabilization and maturation of the newly formed vessels become 
the main focus. Some studies emphasized that the maturation of 
vessels is vital because insufficient maturity of the blood-vascular 
system may lead to vascular occlusion, edema, and hemorrhage, 
which block transport of the nutrients and oxygen required for 
wound closure [47]. In this process, Ang-1, the microvessel- 

References 

1. Martin P (1997) Wound healing— aiming for perfect skin regeneration. Science 
276: 75-81. 

2. Augustin HG, Koh GY, Thurston G, Alitalo K (2009) Control of vascular 
morphogenesis and homeostasis through the angiopoictin-Tic system. Nat Rev 
Mol Cell Biol 10: 165-177. 

3. Thurston G, Suri C, Smith K (1999) Leakage-resistant blood vessels in mice 
transgenically over expressing angiopoitin- 1 . Science, pp. 251 1—2514. 

4. Yancopoulos GD, Davis S, Gale NW, Rudge JS, Wiegand SJ, et al. (2000) 
Vascular specific growth factors and blood vessel formation. Nature 407: 242- 
248. 

5. Mann A, Breuhahn K, Sehirmacher P (2001) Keratinocvte-derived granulocyte- 
macrophage colony stimulating factor accelerates wound healing. Stimulation of 
keratinocyte proliferation,granulation tissue formation and vascularization. 
J Invest Dermatol 117: 1382-1390. 



Stabilizing factor, plays an important role by promoting the 
recruitment of pericytes [48]. Studies demonstrated that pericytes 
make direct intercellular contacts with endothelial cells and share 

the basement membrane with them [49] . In addition, pericytes and 
the basement membrane serve as important vascular support 
structures that maintain the stability of endothelial cells [50]. 
Therefore, the coverage of pericytes and integrity of the basement 
membrane are main characteristics of the mature microvessels. 
When we observed the newly formed microvessels in the later 
stage of wound healing (7-21 day.s), we found that with the high 
expression ratio of Ang-1 /Ang-2 and the high level of Tie2 
phosphorylation after GM-CSF treatment, the microvessels had a 
high coverage ratio of pericytes. Several elongated pericytes 
enveloped endothelial cells and bridged neighboring endothelial 
cells to form tight junctions, indicating that these microvessels were 
much more mature and stable, and the function of GM-CSF to 
facilitate microvascular maturation was associated with the high 
expression of Ang-1. Furthermore, Ang-1 was shown to be 
effective in inhibition of the high permeability of microvessels 
induced by VEGF through altering the phosphorylation of VE- 
cadherin and PECAM-1[51]. Therefore, it can be speculated that 
GM-CSF aids in the formation of leakage-resistant microvessels. 
We confirmed this speculation using the Evans Blue leakage 
method, which showed that GM-CSF can significantiy reduce 
vascular permeability, indicating that the barrier functions of new 
micro\ essels could be improved after GM-CSF treatment. 

In summary, GM-CSF is an angiogenic factor that can 
accelerate burn wound healing by promoting the vascularization 
process. Our study demonstrates that in addition to regulating the 
expression of VEGF in the wound, GM-CSF can also mediate the 
Ang-1 /Ang-2 expression ratio and the phosphorylation of Tie-2. 
Thus, GM-CSF not only initiates the sprouting phase of 
angiogenesis but can also promote the maturation and stabiliza- 
tion of new microvessels. The results of this study provide a strong 
rationale for the exploration of GM-CSF as a therapeutic strategy 
for targeting diseases related to disorders of mature microvessels by 
manipulating the spatial-temporal Ang-1 /Ang-2 balance. 

Acknowledgments 

Wc would like to thank Dr. Jinchang Lu (Sun Yat-scii University, China) 
for the expert tecltnieal assistance. We would also like to acknowledge the 
Experimental Animal Research Laboratory of Sun Yat-sen University for 
providing experimental animals and the Medical Science Experimentation 
Center of Sun Yat-sen University for providing the experimental facilities. 

Author Contributions 

Conceived and designed the experiments: JZ JX YX. Performed the 
experiments: JZ BS. Analyzed the data: BS YX. Wrote the paper: JZ YX. 
Designed the experiments: LC JT SQ. Contributed reagents and materials: 
JT. Contributed analysis tools: LC LZ. Revised manuscript: LZ SQ. 



6. Fang Y, Gong SJ, Xu YH (2007) Impaired cutaneous wound healing in 

granulocyte/ macrophage colony-stimulation factor knockout mice. BrJ Dermatol 
157: 458-465. 

7. Imokawa (i, Yada Y, Kimura M, Morisaki N (1996) (Granulocyte /macrophage 
colony-stimulating lactor is an intrinsic keratinocyte-dcrivcd growth factor for 
himian mclanocvtes in L'VA-induced melanosis. BiochemJ 313 (Pt2): 625-631. 

8. Bussolino 1', Wang- JM. Drlilippi P, rumni F, Sanavio F, ct al. (1989) 
Granulocyte- and granulocytc-macrophage-colony stimulating factors induce 
human endothelial cells to migrate and proliferate. Nature 337: 471—473. 

9. Kaplan G, Walsh G, Guido LS, Meyn P, Burkhardt RA, et al. (1992) Novel 
responses of human skin to intradermal recombinant granulocyte/macrophage- 
colony-stimulating factor: Langerhans cell recruitment, keratinocyte growth, and 
enhanced wound healing. J Exp Med 175: 1717-1728. 



PLOS ONE I www.plosone.org 



11 



March 2014 | Volume 9 | Issue 3 | e92691 



GM-CSF Promotes Angiogenesis in Wounds 



10. Canturk NZ, Vural B, Escn N, Canturk Z, Oktay G, ct al. (1999) Effects of 
granulocyte-macrophage colony-stimulating factor on incisional wound healing 
in an experimental diabetic rat model. Endocr Res 25: 105-1 16. 

1 1 . Mery L, Girot R, Aractingi S (2004) Topical effectiveness of molgramostim 
(GM-CSF) in sickle cell leg ulcers. Dermatology 208: 135-137. 

12. Mann A, Breuhahn K, Schirmacher P, Blessing M (2001) Keratinocyte-derived 
granulocyte-macrophage colony stimulating factor accelerates wound healing: 
Stimulation of keratinocyte proliferation, granulation tissue formation, and 
vascularization. J Invest Dermatol 117: 1382 1390. 

13. Ure 1, Partsch B, Wolff K, Petzelbauer P (1998) Ciranulocyte /macrophage 
colony-stimulating factor increases wound-fluid interleukin 8 in normal subjects 
but does not accelerate wound healing. Br J Dermatol 138: 277-282. 

14. Voskaridou E, Kyrtsonis MC, Loutradi-Anagnostou A (1999) Healing of chronic 
leg ulcers in the hemoglobinopathies with perilesional injections of granulocyte- 
macrophage colony-stimulating factor. Blood 93: 3568—3569. 

15. Yan H, Chen J, Peng X (2012) Recombinant human granulocyte-macrophage 
colony-stimulating factor hydrogel promotes healing of deep partial thickness 
burn wounds. Burns 38: 877—881. 

16. Cianfarani F, Tommasi R, Failla CM (2006) Granulocyte /macrophage colony- 
stimulating factor treatment of human chronic ulcers promotes angiogenesis 
associated with de novo vascular endothelial growth factor transcription in the 
ulcer bed. Br J Dermatol 154: 34-41. 

17. Davidson JM (1998) Animal models for wound repair. Arch Dermatol Res 290 
Suppl: Sl^ll. 

18. Eberhard A, Kahlert S, Goede V, Hemmerlein B, Plate KH, et al. (2000) 
Heterogeneity of angiogenesis and blood vessel maturation in human tumors: 
implications for antiangiogenic tumor therapies. Cancer Res 60: 1388—1393. 

19. Weidner N (1998) Tumoural vascularity as a prognostic factor in cancer 
patients: the evidence continues to grow. J Pathol 184: 119-122. 

20. Livak KJ, Sehmittgen I'D (2001) Analysis of relative gene expression data using 
real-dme quanlilativc P(.:R and the 2(-Dclta Delta C.:Cr)) Method. Methods 25: 
402-408. 

21. Zhang SX, SimaJ, Shao C, EantJ, Chen Y, ct al. (2004) Plasminogen kringle 5 
reduces vascular leakage in the retina in rat models of oxygen-induced 
retinopathy and diabetes. Diabetologia 47: 124—131. 

22. Shresta S, Sharar KL, Prigozhin DM, Beatty PR, Harris E (2006) Murine model 
for dengue virus-induced lethal disease with increased vascular permeability. 
J Virol 80: 10208-10217. 

23. Goede V, Schmidt T, Kimmina S, Kozian D, Augustin HG (1998) Analysis of 
blood vessel maturation processes during cyclic ovarian angiogenesis. Lab Invest 
78: 1385-1394. 

24. Bhushan M, Young HS, Brcnchlcy PE, GrilFiths CE (2002) Recent advances in 
cutaneous angiogenesis. Br J Dermatol 147: 418-425. 

25. Karagiannis E, Popel A (2006) Distinct modes of collagen type 1 proteolysis by 
matrix metaUoproteinase (MMP) 2 and membrane type I MMP during the 
migration of a tip endothelial cell: insights from a computational model. J Theor 
Biol 238: 124-145. 

26. Gerhardt H, Betsholtz C (2003) Endothelial- pericyte interactions in angiogen- 
esis. pp. 15-23. 

27. Wakui S, Furusaio M, Ohshige H, Ushigome 8 (1993) Endothelial-pericyte 
interdigitations in rat subcutaneous disc implanted angiogenesis. Microvasc Res 
46: 19-27. 

28. Schribcr JR, Ncgrin RS, Chao NJ, Long CD, Horning SJ, et al. (1993) The 
efficacy of granulocyte colony-stimulating factor following autologous bone 
marrow transplantation for non-Hodgkin's lymphoma with monoclonal 
antibody purged bone marrow. Leukemia 7: 1491-1495. 

29. Gorin NC, Coiffier B, Hayat M, Fouillard L, Kuentz M, et al. (1992) 
Recombinant human granulocyte-macrophage colony-stimulating factor after 
high-dose chemotherapy and autologous bone marrow transplantation with 



un];)urged and purged marrow in non-Hodgkin's lymphoma: a double-blind 
placebo-controlled trial. Blood 80: 1149-1157. 

30. Visani G, Tosi P, (jamberi B, Cenacchi A, Mazzanti P, et al. (1990) Accelerated 
hemopoietic recovery after chemotherapy and autologous bone mairrow 
transplantation in hematological malignancies using recombinant GM-CSF: 
preliminary results obtained in 14 cases. Haematologica 75: 551-554. 

31. Bussolino F, Mantovani A (1991) Effect of granulocyte-macrophage colon v- 
stimulating factor on endothelial cells. Blood 78: 2475-2476. 

32. Mery L, Girot R, Aractingi S (2004) Topical effectiveness of molgramosiim 
((jM-CSE) in sickle cell leg ulcers. Dermatology 208: 135-137. 

33. Groves RW, Schmidt-Lucke JA (2000) Recombinant human GM-CSE in the 
treatment of poorly healing wounds. Adv Skin Wound Care 13: 107-1 12. 

34. Benest AV, Salmon AH, Wang W, Glover CP, Uney J, et al. (2006) VEGF and 
angiopoietin- 1 stimulate different angiogenic phenotypes that combine to 
enhance functional neovascularization in adult tissue. Microcirculation 13: 
423-437. 

35. Staton CA, Valium M, Hoh L, Reed MW, Brown NJ (2010) Angiopoietin- 1 , 
angiopoictin-2 and Tie-2 receptor expression in human dermal wound repair 
and scarring. Br J Dermatol 163: 920-927. 

36. Valenzuela DM, GrilFiths JA, Rojas J, Aldrich TH, Jones PF, et al. (1999) 
Angiopoietins 3 and 4: diverging gene counterparts in mice and humans. Proc 
Nad Acad Sci U S A 96: 1904-1909. 

37. Lee HJ, Cho CH, Hwang SJ, Choi HH, Kim KT, et al. (2004) Biological 
characterization of angiopoietin-3 and angiopoietin-4. FASEBJ 18: 1200—1208. 

38. Suri C, Jone PF, Patau S (1996) Requisite role of angiopoietin, a ligand for the 
T1E2 reeepor, during embryonic angiogenesis. Cell. pp. 1171 1180. 

39. Kim I, Kim HG, So JN, Kim JH, Kwak HJ, ct al. (2000) Angiopoietin- 1 
regulates endothelial cell survival through the phosphatidyhnositol 3'-Kinase/ 
Akt signed transduction pathway. Circ Res 86: 24—29. 

40. Jeon BH, Khanday F, Deshpande S, Haile A, Ozaki M, et al. (2003) Tie-ing die 
antiinflammatory effect of angiopoietin- 1 to inhibition of NF-kappaB. Circ Res 
92: 586-588. 

41. Maisonpierre PC, Suri C, Jones PF, Bartunkova S, Wiegand SJ, et al. (1997) 
Angiopoietin-2, a natural antagonist for Tie2 that disrupts in vivo angiogenesis. 
Science 277: 55-60. 

42. Reiss Y, Droste J, Heil M, Tribulova S, Schmidt MH, et al. (2007) Angiopoietin- 
2 impairs revascularization after limb ischemia. Circ Res 101: 88—96. 

43. Benest AV, Kruse K, Savant S, Thomas M, Laib AM, et al. (20 1 3) Angiopoietin- 
2 is critical for cytokine-induced vascular leakage. PLoS One 8: e70459. 

44. Etoh T, Inoue H, Tanaka S, Barnard GF, Kitano S, et al. (2001) Angiopoietin-2 
is related to tumor angiogenesis in gastric carcinoma: possible in vivo regulation 
via induction of proteases. Cancer Res 61: 2145—2153. 

45. Holash J, Wiegand SJ, Yancopoulos (iD (1999) New model of tumor 
angiogenesis: dynamic balance between vessel regression and growth mediated 
by angiopoietins and VEGF. Oncogene 18: 5356-5362. 

46. SomerviUe RP, Oblander SA, Apte SS (2003) Matrix metgdloproteinases: old 
dogs with new tricks. Genome Biol 4: 216. 

47. Bhushan M, Young HS, Brenchley PE, Griffiths GE (2002) Recent advances in 
cutaneous angiogenesis. Br J Dermatol 147: 418—425. 

48. Brindle NP, Saharinen P, Alitalo K (2006) Signahng and functions of 
angiopoietin- 1 in vascular protection. Circ Res 98: 1014—1023. 

49. Kuteher ME, Herman IM (2009) The pericyte: cellular regulator of 
microvascular blood flow. Microvasc Res 77: 235-246. 

50. Hirschi KK, Rohovsky SA, Beck LH, Smith SR, D'Amore PA (1999) 
Endothelial cells modulate the proliferation of mural cell precursors via 
platelet-derived growth factor-BB and heterotypic cell contact. Circ Res 84: 
298-305. 

51. Gamble JR, Drew J, Trezise L, Underwood A, Parsons M, et al. (2000) 
Angiopoietin- 1 is an antipermeability and anti-inflammatory agent in vitro and 
targets ceU junctions. Circ Res 87: 603-607. 



PLOS ONE I www.plosone.org 



12 



March 2014 | Volume 9 | Issue 3 | e92691 



